Extremely wide binary stars represent ideal systems to probe Newtonian dynamics in the low acceleration regimes (< 10 −10 m s −2 ) typical of the external regions of galaxies. Here we present a study of 60 alleged wide binary stars with projected separation ranging from 0.004 to 1 pc, probing gravitational accelerations well below the limit were dark matter or modified dynamics theories set in. Radial velocities with accuracy ∼ 100 m/s were obtained for each star, in order to constrain their orbital velocity, that, together with proper motion data, can distinguish bound from unbound systems. It was found that about half of the observed pairs do have velocity in the expected range for bound systems, out to the largest separations probed here. In particular, we identified five pairs with projected separation > 0.15 pc that are useful for the proposed test. While it would be premature to draw any conclusion about the validity of Newtonian dynamics at these low accelerations, our main result is that very wide binary stars seem to exist in the harsh environment of the solar neighborhood. This could provide a tool to test Newtonian dynamics versus modified dynamics theories in the low acceleration conditions typical of galaxies. In the near future the GAIA satellite will provide data to increase significantly the number of wide pairs that, with the appropriate follow up spectroscopic observations, 1 November 29, 2016 1:22 wbs˙sub˙ijmp˙revised 2 Scarpa et al.
Introduction
A wealth of astronomical data indicate the dynamics in a variety of classes of cosmic structures deviate from the expectation of Newtonian dynamics applied to the mass visible in stars and gas. These observations are usually explained invoking the existence of vast amounts of unseen mass in some novel form, dark matter (e.g. Refs. 1, 2) . Alternatively the data could be interpreted as a breakdown of Newtonian dynamics on the relevant regime. While most investigators would agree that the former is the correct explanation, an increasing number of empirical results support the latter (e.g. Ref. 3 for a recent review). In particular, the proliferation of alternative theories of dynamics found nowadays in the literature points to the presence of an acceleration scale -a 0 ∼ 10 −10 m s −2 -above which classical dynamics is recovered and below which the dark matter mimicking regime appears.
The vast majority of the work on alternative theories of gravity was focused on explaining the dynamical properties of galaxies, most notably the detailed shape their flat rotation curve, e.g. Ref. 4 .
When modifying gravity in the low-acceleration regime, the strong equivalence principle is in general broken, and systems embedded in a stronger field than their internal gravitational field might not display a modified gravity behaviour. However, this is not the case for any possible theory of modified dynamics, as shown by, e.g., 5): it is thus conceivable that the modified dynamics regime kicks in below a given acceleration scale independently of the external field. According to this, in the past years we tested Newtonian dynamics using stars in globular clusters (See Refs. [6] [7] [8] [9] , which due to their small size are believed to contain negligible amount of dark matter, if any. It was found that the orbital velocities of stars in their outskirt, where a < a 0 , are too large to be consistent with Newtonian dynamics. A result that has been corroborated for a growing number of globular clusters by various independent groups (e.g. Refs. 10, 11) . The interpretation of this result is, however, complicated by a number of effects that could mimic the modified dynamics behavior -cluster evaporation, tidal heating, peculiar orbital motion, uncertain mass-to-light ratio, dark remmants -thus preventing to draw a clear cut conclusion.
In order to carry out a cleaner test, free from contaminating external effects, one might look at the simplest stellar system: wide binary stars. Indeed, sufficiently wide binaries could probe the acceleration regime typical of galaxies, thus permitting a direct test of Newtonian dynamics below a 0 .
For a test particle orbiting around a 1M ⊙ star, modified gravity supposedly sets in at separation of r 0 ∼7000 AU (0.03 pc), and the expected orbital velocity is ∼250 m/s. This separation is so large and the orbital velocity so low that at the time of writing, there is no hope to directly trace the orbital motion. Indeed, it is not even clear whether such wide binaries can exist at all in the harsh environment nearby the Sun, where tidal effects and close encounter with other stars could destroy them (see e.g. Ref. 12) .
Assuming that such wide binaries exist and have a stable orbit -a hypothesis corroborated by detailed numerical simulations showing that the effects on wide binaries of the Milky Way external field do not alter the Keplerian fall-off at least up to separations of the Jacobi radius, which in the solar vicinity is ∼ 1.7 pc (Ref. 12) -the gravitational acceleration can be constrained measuring the instantaneous orbital velocity of the two components. Considering a large sample of binaries, uniformly covering a wide range of separations, it is then possible to trace the run of velocity with distance, in this way building the equivalent of a galaxy rotation curve. Compared to other experiments, the use of binary stars has the major advantage that the masses involved are known from Testing Newtonian dynamics with wide binary stars 3 their spectral type, thus removing one important source of uncertainty (the mass-to-light ratio), making this test one of the cleanest possible.
Therefore since double stars are not surrounded by an halo of dark matter, Newtonian dynamics predicts this "rotation curve" must fall off as v ∝ r −1/2 , essentially following Kepler's third law, provided the range of masses is small. On the contrary, if the velocity converges toward a relatively large, constant value as seen in galaxies, then we will be forced to seriously question our understanding of Newton's law of gravity in low acceleration regimes.
In the case only one or two components of the velocity vector is known, projection effects play an important role and the Newtonian predictions become an upper limit to the observed velocity. A preliminary attempt to carry out a test of this kind was performed by Hernandez et al. (Ref. 13) . They discuss the difference of orbital velocity derived from Hipparcos proper motion for a large sample of binaries, suggesting that the orbital velocity might not decrease with the star separation. Unfortunately, the data discussed by Hernandez et al. (Ref. 13 ) have large uncertainties (average error on velocity 0.8 km/s) making their result rather weak and inconclusive. Moreover, not having information about the radial velocity of these stars, the proper motion data alone leave open the possibility that a significant fraction of the stars under consideration are not gravitationally bound even though the proper motion data suggest so.
Here we present results of a first attempt to cope with this last problem. A number of alleged wide double stars -selected mostly according to Hipparcos parallaxes and proper motion data -were observed spectroscopically to derive their radial velocity with accuracy of ∼ 100 m s −1 so to build their 3d velocity vector and to confirm the velocity difference of the two components is small, as it should be for bound systems. As we will see, while most alleged doubles are not confirmed as such by the new data, a number of them are consistent with the hypothesis of being bound systems, making this test feasible.
What are the expectations?

The case of standard Newtonian dynamics
Let assume a double star with components of mass m 1 and m 2 , separated by S = r 1 +r 2 , where r 1 and r 2 are the distances of each star from the center of mass of the system. Equating the momentum m 1 r 1 = m 2 r 2 of the two masses with respect to the center of mass we obtain:
and a similar expression for r 2 . Assuming for simplicity circular orbit, equating centripetal acceleration to gravitational acceleration on m 1 :
where v 1 is the velocity of component 1, which becomes:
and a similar expression for v 2 . In the simplest case where m 1 = m 2 = m and consequently v 1 = v 2 = v we further get
This last expression gives the expected orbital velocity for each star. However, because the two components of a pair are moving in opposite directions, the observed velocity difference ∆V is twice as large. Thus, calling mtot = 2m the total mass of the system, we finally have:
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The resulting orbital velocity for two stars of 1M ⊙ each and separation S = 7000 AU is 250 m/s, with a corresponding observed ∆V ∼ 500 m/s. This value corresponds to the 3d velocity vector. When considering only the radial velocity, projection effects and orbital ellipticity will play a role, making this an upper limit to the radial velocity difference we should expect to observe. Whatever the case, the orbital velocity should decrease with separation.
Expectations for modified dynamics
An alternative approach to the missing mass problem is to replace dark matter by a modified dynamics theory. Here, to quantify the effects of modified dynamics we adopt, for its semplicity, the MOND working formula with the standard interpolation function (Refs. [14] [15] [16] [17] . In doing so, we assign no special value to MOND compared to the others theories, in particular because due to the external field effect, MOND as a modified gravity formula should not be directly applicable to systems surrounded by a strong external field, as is the case of stars inside the Milky Way (Ref. 14) , though the effects we are looking for in this work could actually be present in some version of MOND (5) .
According to MOND formula for acceleration of gravity well below a 0 = 1.2 × 10 −10 m s −2 , the acceleration should become
where a N is the usual Newtonian acceleration. Therefore for the simplest case of a double star with equal mass components and circular orbits outlined above we can write:
from which one immediately gets
The most important aspect of this relation is that the separation of the two stars disappeared, so that the orbital velocity becomes constant. This behavior is similar to what is observed in rotation curves of galaxies. That is, MOND-like formulae suggest that for separations larger than ∼ 7000 AU the orbital velocity should be constant with asymptotic value of ∼ 300 m/s in the case of 1M ⊙ stars, and a corresponding observed ∆V twice as big. The dependence on the mass is very weak, thus this limit applies to all double stars considered in this study, which have masses in the range 0.4 < m < 1.5 solar masses. Since in Newtonian dynamics the orbital velocity keeps decreasing, the difference between the two scenarios becomes significant at larger separations (lower acceleration). For instance, at 0.1 pc separation, the predicted orbital velocity is twice the Newtonian value.
3. The sample of wide binary stars candidates.
Wide binary star candidates were selected from the Shaya & Olling catalogue (Ref. 21) . In this catalog wide binaries are identified by assigning a probability above chance alignment for each system, with probability obtained using a sophisticated Bayesian statistical analysis in a multi-dimensional parameter space of proper motions and spatial positions of the Hipparcos catalog (Ref. 22) .
From the Shaya & Olling catalogue we selected isolated binaries with a probability of non-chance alignment greater than 99%. The binary search criteria used by the authors require that the proposed binary should have no near neighbors; the projected separation between the two components is thus always many times smaller than the typical interstellar separation, which is very important for our test. It is also important to note the catalogue includes both "presently bound" and "previously bound" pairs. Previously bound pairs are those which according to the authors have been destroyed by the Galactic tidal field and perturbation from nearby stars (Ref. 12). Considering we are testing a scenario of modified dynamics, having also these "previously bound" stars ensure we are not missing precisely those systems moving too fast for Newton but not for modified dynamics.
In summary we select pairs from the catalogue according to the following criteria:
• stars are classified as double, not multiple;
• probability of the pair to be physically bound (or previously bound) greater than 99%;
• mass between 0.4 and 1.5 solar masses;
• pair projected separation smaller than 1.5 pc;
• declination > −40 • for good visibility from Roque de los Muchachos observatory (La Palma);
• both stars in the pair are not known to be spectroscopic binary;
• relative error on the distance < 15%.
This selection yielded 60 pairs of stars (see Table 1 ) in the magnitude range 4 < V < 12, and distances going from 14 pc to 100 pc. Note that when referring to the distance of a pair we mean the average distance of the two components. The 55% of the sample stars are within 50 pc with associated errors on distance of few parsecs. Apparent separations of selected stars range from 30 to 3650 arcsec, which according to distance correspond to projected physical separation in the 0.004 to 1.3 pc range, most of the pairs being within 0.1 pc separation. As mentioned before we are interested in the behavior of binaries with separation above r 0 = 7000 AU, that is 0.034 pc, while smaller separations will be used to check whether the Newtonian dynamics is recovered. The sample includes 29 and 31 pairs with separation smaller and larger than this value, respectively. 
Observations and data reduction
Observations were gathered during two separated observing runs, in January and December 2013, at the 2.5 m Nordic Optical Telescope, located at the Roque de los Muchachos observatory, in the Canary islands. Radial velocities were obtained with the fiber feed FIES Echelle spectrograph (Ref. 23) , in high resolution mode (R = λ/∆λ = 67000) plus simultaneous calibration lamp to achieve the highest velocity accuracy. Atmospheric conditions were below average (poor seeing) during observations, nevertheless targets were bright enough to ensure spectra with sufficiently high signal to noise spectra for our purpose could be gathered within minutes. Note that to ensure the best stability the FIES spectrograph is sitting in a dedicated protected room, and is linked to the telescope by an optical fiber. Moreover, in all cases, the two components of a given pair were observed consecutively one ofter the other within minutes, ensuring environmental variation (e.g., pressure and temperature) had no effect. Data have been reduced using the FIES pipeline (Ref. 24). The pipeline performs the standard reduction, bias subtraction, flat fielding, identification of the spectra position and extraction, combination of the different orders, wavelength calibration using a separate calibration frame and, finally, it uses the footprint of the simultaneous calibration lamp to compensate for any wavelength instability in the spectrograph.
Spectral analysis
The crucial aspect of our analysis is the measurement of the radial velocity of the selected stars. To do this we performed cross-correlation (task FXCOR in IRAF) of the observed stellar spectrum with an appropriate template. Synthetic template spectra were extracted from the BLUERED library a , an extended theoretical library of synthetic stellar spectra (Ref. 25) , covering the optical range from 3500 to 7000 at a spectral resolving power R = 500000. The library is based on the ATLAS9 model atmospheres (Ref. 26) . The grid spans a large volume in three-dimensional parameters space: the effective temperature ranges from 4000 to 50,000 K and the surface gravity spans from 0.0 to 5. Template-spectra were degraded to R=70000 to match the resolution of the data. Examples of observed spectra and the associated templates are shown in fig. 1 . Metallicity has marginal influence in the templates, thus we assume solar metallicity for all spectra. The association of the template to each observed spectrum was based on the spectral type of the star and we checked the similarity by visual inspection. Fig. 1 . Examples of observed spectrum (green top spectrum) with the adopted stellar synthetic template (black bottom spectrum) for stars of various spectral type.
In a number of cases the observed spectra exhibit absorption lines that are much wider than expected for the corresponding spectral type. This broadening of the lines is interpreted as due to fast rotation of the star. An effect most evident in stars of spectral type F5 or earlier. To cope with this problem templates were convolved with a Gaussian kernels of various sizes to match the observed line width (Fig. 2) . The final cross-correlation with the modified template spectrum did work well, though the measurements of the radial velocity have somewhat larger errors in these cases.
Analysis
For each spectrum, cross-correlation was performed in spectral intervals of 200Å between 4100Å and 6700Å to derive the radial velocity (RV) of the stars. Excluding the spectral regions contaminated by telluric absorption bands, there are 13 suitable intervals, resulting in 13 values of RV. Then, for each interval, the measured RV was retained according to the following criteria:
• correlation peak greater than 0.5;
• error on RV smaller than 2σ from the average error (of the other intervals);
• RV within 5σ from average of RV (σ−clipping).
In all cases at least 8 out of 13 values could be retained. The final RV associated to each star was then computed as the weighted mean of these values. Tests were made to check whether our measurements could be sensitive to small changes in the selected template. No such effect was found. The final velocities, corrected to heliocentric reference frame, are given in Table 2 . For 14 pairs (28 stars) two spectra were obtained at different epochs to confirm the stability of our measurements and/or possibly identify stars that, for whatever reason, do have variable radial velocity. It was found that about half of these stars indeed have variable velocity well above statistical uncertainties. The other half shows remarkable stability, with mean velocity difference between repeated measurements of 62 ± 9 m/s, confirming the good quality of the data.
Finally, radial velocity standard stars were observed to check the radial velocity zero point of the instrument. Specifically, we obtained spectra of HD38230 and HD50692 twice in two consecutive nights, finding consistent radial velocity within few tens of m/s. There is, however, a statistically significant offset of 378 ± 46 m/s in the zero point when compared with catalogue values. While we cannot find a simple explanation for this offset, our main result remain unaffected by this, because we are only interested in dif f erences of radial velocity.
Results
The observed radial velocity difference ∆Vr for our 60 pairs is reported in Table 3 and shown in Fig.3 as a function of projected separation. For comparison, the tangential component ∆V P M from Hipparcos proper motions is also shown. The difference between the two plots is striking, with approximately 50% of the pairs having radial velocity clearly incompatible with the pairs being bound systems (in any reasonable scenario). It is clear, however, that a bias is present because stars with large proper motion difference would have not entered in the Shaya & Olling catalog in the first place. Therefore, adding accurate radial velocities give us immediately the possibility to show that either something alter the velocity of the stars, or many systems are unbound in spite of the high probability to be bound assigned solely according to proper motion data. The Newtonian and modified gravity upper limit velocity expectations are also reported. Note in our sample 3M ⊙ is the very maximum total mass a pair can have, thus, if all pairs were bound all points should fall, as a minimum, below the modified dynamics prediction. As mentioned before, for 14 pairs (28 stars) we have repeated measurements. Scanning the velocity for these stars (Tab. 2), we identify 3 possible cases: the velocity of both stars in the pair varied, only one varied, neither varied. Here it is also important to take into account the time separation between observations, in our case either about 1-2 days or ∼ 300 days.
For instance, pair 66749/66717, which was observed at 1 day distance, showed a substantial variation of the radial velocity of both stars (600 and 100 m/s). The most probable explanation for this variation in such a short amount of time is that both stars are them self double (we are then dealing with a quadruple system) of which we are mapping the orbital velocity of two close internal binary systems. While pairs like this are still potentially useful for testing Newtonian dynamics, they require a substantial observational effort in order to average out these internal orbital variations. And the situation would be even worse if the internal systems are moderately wide, because in this case observations should cover a much longer period of time before velocity variation can be identified. We feel most of the points above the maximum theoretical limit belong to this class.
In pairs like 47436/47403 and 45811/45802 only one of the two stars have variable radial velocity. Again, the simplest explanation is that we are dealing with a triple system. Star 45802 is particularly striking, showing a change of about 40 km/s over a baseline of 319 days. Possibly, if observed at 1 day distance, this star will have shown a variation similar to the one of 66749. Also in this case a substantial observational effort is required to wash out the variations.
Finally, pairs 34426/34407, 44858/44864, 45836/45859, 54692/54681 observed over a large time baseline, do show constant velocity (within statistical uncertainties). These are the most interesting cases. Unfortunately we have only four of them (the remaining 5 pairs with stable velocity were observed at short time distance so the result is less significant).
Of the 50 pairs with projected separation < 0.15 pc, where Newtonian and modified dynamics made very similar predictions, 28 pairs are below the Newtonian upper limit for 3M ⊙ pair (and one more below the modified gravity limit).
In view of what we found for the stars with repeated observations, a number of the systems below the Newtonian limit could be multiple. While it is possible that by chance these pairs have been observed in an orbital phase corresponding to a low velocity difference, we believe that this is unlikely. So we are confident that a substantial fraction of these 28 pairs are bound systems suitable for testing Newtonian dynamics.
Considering the remaining 10 pairs with separation > 0.15pc one immediately notices the absence of systems below the Newtonian limits, while there are 5 pairs formally in agreement with the modified dynamics limit. The remaining 5 pairs have radial velocity > 1 km/s and must be either unbound or multiple systems. The 5 pairs sitting in the region between the two models are unquestionably the most interesting and certainly deserve further investigation.
Conclusions
We have shown that for about half of the observed pairs, accurate radial velocity measurements supports the hypothesis that these pairs are indeed gravitationally bound systems. On the other hand the radial velocity data also show that about 50% of the pairs cannot be bound systems, making clear that proper motion data alone is not sufficient to perform the proposed test (Ref. 13) . Moreover, repeated radial velocity measurements appear to be mandatory in order to further eliminate multiple systems of stars that Fig. 4 . The observed velocity difference vs the pair separation S for pairs with ∆Vr < 2 km/s. The observed separation corresponds to a lower limit to the true one. A few points beyond 0.15 pc separations might correspond to gravitationally bound systems. might have escaped detection in the proper motion data analysis.
With the present dataset, we can only point out that looking at the wider pairs, at least a few of them seem at odd with Newtonian prediction while remaining formally consistent with modified dynamics (see Figure 4) . Since we are able to observe accurately only one component of the velocity difference and the real separation between the stars will be larger than that observed (namely the projected one), some additional pairs would probably move into this intermediate region when these effects will be taken into account (see Figure 4) . While it is premature from this data to draw any conclusion about dynamics at low accelerations, it is worth to underline that our observations suggest the existence of very wide gravitationally bound binary stars in the solar neighborhood, making the proposed test feasible.
In the near future, the GAIA satellite (http://sci.esa.int/gaia/) will provide proper motion data with very high accuracy, also dramatically increasing the number of stars for which such data will be available. GAIA will provide limited radial velocity information. Still, these radial velocity data, while of insufficient quality for the proposed test, will prove extremely valuable for selecting wide pair candidates, dramatically reducing the number of false positive. Once selected according to proper motion and radial velocity, a minimum of two high resolution spectra with radial velocity accuracy ∼ 100 m/s will have to be obtained for each component of the pair, in this way pinning down the third component of the velocity vector and eliminating stars that for whatever reasons have variable radial velocity. Our results suggest that once all these new data will be available, a sufficiently large number of extremely wide binaries will be identified, providing enough information to build the "rotation curve" of binary stars up to ∼ 1 pc separation. This will probe in the cleanest possible way Newtonian dynamics, providing an extremely powerful tool to address one of the most puzzling problem that modern astrophysics is facing: the true nature of the dark matter.
